Introduction
TRP channels include six transmembrane segments and are subdivided into seven subfamilies on the basis of amino acid homology ( Fig. 1 ) (Venkatachalam and Montell 2007) . The channels that are the most homologous to the original TRP protein (Montell and Rubin 1989) , which functions in Drosophila phototransduction, belong to the TRPC subfamily. The TRPCs as well as four other subfamilies (TRPV, TRPM, TRPA, and TRPN) constitute the "group 1 TRPs" ( Fig. 1 ) (Montell 2005) . Two other subfamilies (TRPP and TRPML) that are relatively similar to each other in sequence, but are more distantly related group 1 TRPs, are referred to as "group 2 TRPs." Due to the broad roles of TRPs in sensory signaling, they are critically important in allowing animals to sense a changing environment. As such, it is not surprising that these channels are ancient, evolutionarily conserved proteins that function in a wide range of metazoan organisms. These include invertebrates, such as worms (Kahn-Kirby and Bargmann 2006; Xiao and Xu 2009) , arachnids (e.g., ticks), insects (e.g., flies, mosquitoes and bees) (Matsuura et al. 2009; Wolstenholme et al. 2011) , and vertebrates such as zebrafish, mice, and humans (Venkatachalam and Montell 2007; Wu et al. 2010) . However, the range of TRP channels in some ancient organisms, such as protozoa, is limited to group 2 TRPs Wolstenholme et al. 2011) .
In invertebrates, the functions of TRP channels have been studied most extensively in two genetically tractable model organisms-the fruit fly, Drosophila melanogaster (Fowler and Montell 2013) , and the roundworm, C. elegans (Xiao and Xu 2011) . All seven subfamilies are represented in flies and worms, although these organisms have fewer TRP channels than humans. Nevertheless, the TRPA subfamily is the largest in insects, even though only one representative exists in mice and humans. This notable difference might reflect a particularly important role for TRPA channels in sensing environmental chemicals and changes in Fig. 1 Phylogenetic tree and cartoons of TRP channels from C. elegans (c; green), Drosophila melanogaster (d; red), and Homo sapiens (h; black). The TRPN channel from Danio rerio (dr; zebrafish; blue) is also included. To generate the tree, we used the predicted transmembrane segments of each TRP channel (http://www.cbs.dtu.dk/services/TMHMM/) in combination with the following online program: http://www.genome.jp/tools/clustalw/. Indicated on the TRP cartoons are ankyrin repeats (A.R.), coiled coil domains (cc), and the TRP domains, which include TRP boxes 1 and 2 (Montell 2001 (Montell , 2005 . TRPV proteins include only TRP box 1, rather than the full TRP domain. The N-and C-termini are the left and right ends of the TRP structures. The TRP termini are situated on the cytoplasmic side of the lipid bilayer temperature, since poikilothermic animals such as insects are particularly sensitive to heat and cold and are subjected to a very complex repertoire of compounds in their surroundings.
Characterization of TRPs in worms and flies underscore the theme that individual TRP channels do not respond to one type of sensory stimuli. Rather, a single TRP channel is capable of sensing a surprisingly broad range of sensory input. In this regard, Drosophila TRPA1 is a particularly notable polymodal sensor, as it functions in the avoidance of noxious volatile and nonvolatile chemicals, intense light, excessively warm temperatures, and small temperature differences in the comfortable range.
Sensory Transduction
The peripheral nervous system in Drosophila is composed of four general types of sensory elements. These include (1) external sense organs, such as chemosensory and mechanosensory bristles (sensilla); (2) chordotonal organs, which serve in part as stretch receptors; (3) multidendritic neurons; and (4) photoreceptor cells. C. elegans senses the external world through sensillar organs and a variety of isolated sensory neurons.
Light Sensation

Role of TRPs in Image Formation in Drosophila
In 1969, Cosens and Manning described a Drosophila mutant characterized by a loss of a sustained light response (Cosens and Manning 1969) . Using a simple field recording, the electroretinogram (ERG), the flies displayed only a transient response to light. The basis for the transient receptor potential (trp) phenotype was enigmatic, despite a series of studies over the next two decades (Montell 2011) . The first indication as to the function of TRP emerged from the cloning of the trp gene, and the observation that the TRP protein had a predicted transmembrane topology similar to the limited number of ion channels and transporters known at the time (Montell and Rubin 1989) . A subsequent report demonstrated that loss of trp resulted in the rapid decrease the light-activated Ca 2+ conductance (Hardie and Minke 1992) . Together, these findings supported the model that trp encodes a Ca 2+ permeable channel.
In vitro biophysical analyses of TRP, and a related channel identified in 1992 (TRP-Like; TRPL) (Harteneck et al. 1995; Hu et al. 1994; Phillips et al. 1992; Vaca et al. 1994; Xu et al. 1997) , indicated that both TRP and TRPL were cation channels. Direct in vivo evidence demonstrating that TRP is a Ca 2+ permeable channel was obtained by manipulation of the selectivity filter, resulting in a dramatic decrease in the light-induced Ca 2+ conductance (Liu et al. 2007a ). TRP and TRPL are activated via a signaling pathway that couples light stimulation of rhodopsin with a heterotrimeric G protein (Gq) that engages a phospholipase Cβ (PLCβ) encoded by the norpA locus (Bloomquist et al. 1988; Inoue et al. 1985) (Fig. 2) . PLCβ catalyzes the hydrolysis of phosphoinositide-4,5-bisphosphate (PIP 2 ) into inositol-1,4,5-trisphosphate (IP 3 ), diacylglycerol (DAG), and a proton (H + ) (Huang et al. 2010) . The enzymatic activity of NORPA is required for gating of TRP and TRPL since replacement of a single residue that is critical for phospholipase C activity eliminates the light response .
The activation mechanism of TRP and TRPL has been scrutinized extensively and is still not fully resolved. Nevertheless, it is clear that neither IP 3 nor the IP 3 - (2) GTP is exchanged for GDP on the Gα subunit (G q α; also known as Gα49B) and the βγ subunit dissociates from the α subunit. (3) Activation of PLC (phospholipase Cβ) catalyzes the hydrolysis of PIP 2 (phosphoinositide-4,5-bisphosphate (PIP 2 ) into DAG (diacylglycerol), IP 3 (inositol-1,4,5-trisphosphate), and H + (proton). (4) The major products of the DAG lipase (encoded by the inaE locus) are 2-MAG (2-monoacylglycerol) and a saturated FA (fatty acid). Not shown are the minor products: 1-MAG and a polyunsaturated FA (PUFA). (5) Activity of an unknown MAG lipase catalyzes the production of a PUFA and glycerol. (6) TRP and TRPL are activated, leading to influx of Ca 2+ and Na + . The cleavage of PIP 2 (step 3) is proposed to contribute to activation of TRP and TRPL through a change in curvature of the plasma membrane, thereby creating mechanical force receptor is important for channel activation (Acharya et al. 1997; Raghu et al. 2000) . According to one model, TRP and TRPL are activated by polyunsaturated fatty acids (PUFAs) such as arachidonic acid and linoleic acid, which are derived from metabolism of DAG (Chyb et al. 1999 ). Another proposal is that a decline in PIP 2 , which is inhibitory, and a decrease in pH, due to the production of H + , are the two signals necessary for channel activation (Huang et al. 2010) . The question then arises as to why PIP 2 depletion leads to channel activation. A provocative concept is that light stimulation activates TRP and TRPL through mechanical gating (Hardie and Franze 2012) (Fig. 2b) . PIP 2 hydrolysis appears to cause minute mechanical contractions of the photoreceptor cell membrane due to removal of the bulky head group of the PIP 2 , and these membrane contractions may activate the TRP/TRPL channels (Hardie and Franze 2012) . In further support of the concept that TRP and TRPL are mechanically gated, incorporation of a mechanically activated monovalent cation channel (gramicidin) into the membranes of photoreceptor cells dissociated from the trpl;trp double mutant is sufficient to induce a light conductance (Hardie and Franze 2012) .
The mechanisms of phototransduction in the Drosophila photoreceptors are in stark contrast to those occurring in vertebrate rods and cones. Whereas Drosophila phototransduction involves depolarization of the photoreceptors, light hyperpolarizes vertebrate rods and cones (Fu and Yau 2007) . On the other hand, the intrinsically photosensitive retinal ganglion cells (ipRGCs) in the mammalian retina, which participate in circadian entrainment and the pupillary light response (Berson et al. 2002; Provencio et al. 2000; Schmidt et al. 2011) , use a phototransduction cascade that employs TRPC6 and TRPC7 and bears a striking resemblance to the Drosophila phototransduction cascade (Xue et al. 2011 ).
Non-image Light Sensing in Worms and Flies
Drosophila larvae also sense light and do so through two types of phototransduction cascades, both of which depend on TRP channels. However, in contrast to the adult visual system, which functions in image detection, larval phototransduction participates in phototaxis only. The two discrete larval phototransduction cascades take place in separate body parts and are activated by different light intensities. Low to moderate light is received by the Bolwig's organ, which appears to use a cascade that is initiated by rhodopsin and culminates with activation of the TRP and TRPL channels, since these signaling proteins are expressed in this tissue (Petersen and Stowers 2011; Sprecher and Desplan 2008) .
Intense bright light is detected by class IV multidendritic sensory neurons that tile the Drosophila larval body wall (Xiang et al. 2010 ). This light avoidance requires TRPA1, but remarkably, it appears to be independent of rhodopsin, PLC, and the flavin-based light sensor, cryptochrome (Xiang et al. 2010) . Rather, the photoresponse of the class IV neurons requires a member of the gustatory receptor family (GR28b) (Xiang et al. 2010) , which is the Drosophila homolog of LITE-1-a protein that functions in light detection in C. elegans Ward et al. 2008) . Whether Gr28b homozygous mutant flies have a defect in light avoidance behavior has not been reported. Other open questions are whether GR28b binds a chromophore, the spectral sensitivity of this light receptor, and how activity of GR28b is coupled to TRPA1. One possibility is that GR28b engages a heterotrimeric G protein. However, at least some members of the insect GR family have a topology opposite to classical G protein-coupled receptors (Zhang et al. 2011 ).
Chemical Senses
Volatile chemicals are detected through the sense of smell, while nonvolatile chemicals are sensed through contact chemosensation, which includes the sense of taste.
Odor and CO 2 Detection (Non-contact Chemosensation)
The first TRP channel shown to have a role in invertebrate chemosensation is OSM-9. This TRPV protein couples to an odorant receptor, ODR-10, and plays a regulatory role in C. elegans olfaction (Colbert et al. 1997) . The osm-9 mutants are defective in chemotaxis towards a subset of olfactory cues that are mediated by the AWA neurons. These mutants also exhibit reduced avoidance to benzaldehyde, which depends on ASH neurons, and display diminished olfactory adaptation to some odorants detected by AWC neurons (Colbert et al. 1997) . Drosophila use two primary organs to sense volatile chemical, the third antennal segment and the maxillary palp (Vosshall and Stocker 2007) . The olfactory receptor neurons (ORNs) that extend from these organs terminate in the antennal lobe, which send projection neurons into higher brain centers (Vosshall and Stocker 2007) . The two main classes of channels that are critical for Drosophila olfaction are seven-transmembrane ionotropic receptors, referred to "olfactory receptors" (ORs) (Clyne et al. 1999; Gao and Chess 1999; Robertson et al. 2003; Vosshall et al. 1999) , and ionotropic receptors (IRs) (Benton et al. 2009 ), which are distantly related to glutamate receptors. Several Drosophila TRP channels also participate in olfaction, although they are not the primary olfactory detectors. For instance, the classical TRP plays a role in olfactory adaptation (Störtkuhl et al. 1999 ). In addition, TRPA1 is expressed in ORNs and is required for avoiding the naturally occurring insect repellent, citronellal (Kwon et al. 2010a ). Fly TRPA1 is not effectively activated by citronellal directly. Rather, it is activated through a Gq and PLC (NORPA)-dependent signaling cascade. However, the TRPA1 expressed by the mosquito, Anopheles gambiae, which is an insect vector that spreads malaria, is directly and potently activated by citronellal (Kwon et al. 2010a ). Both TRP and TRPL are co-expressed in CO 2 -sensitive olfactory receptor neurons (ORNs) in the antennae and contribute to CO 2 avoidance, possibly through a Gq/PLC signaling cascade (Badsha et al. 2012) . Another TRPA channel, Painless (Tracey et al. 2003) , functions in projection neurons emanating from the olfactory glomeruli, where it participates in an olfactory circuit that inhibits male-male courtship ).
Taste (Contact Chemosensation)
The sense of taste in flies is mediated through gustatory receptor neurons (GRNs) housed in hairlike projections referred to as sensilla. Gustatory sensilla are distributed on multiple body parts, including the main gustatory organ (labellum), the legs, wing margins, and ovipositor. Taste in flies depends predominately on a large family of gustatory receptors (GRs), which are related to ORs, and at least one IR (Montell 2009; Zhang et al. 2013b) . This is in contrast to mammalian taste, which is mediated largely through a TRP channel (Pérez et al. 2002; Zhang et al. 2003) . Nevertheless, at least three TRP channels participate in Drosophila taste sensation (TRPA1, Painless, and TRPL) as described below.
TRPA1 is expressed in the main taste organ, the labellum, and is critical for sensing the naturally occurring plant compound, aristolochic acid (Kim et al. 2010 ). Activation of TRPA1 through this chemical depends on the same Gq and PLC that is required for phototransduction in the compound eye and for activating TRPA1 in ORNs. TRPA1 is also expressed in internal mouthparts where it is employed to detect a subset of aversive chemicals prior to ingestion (Kang et al. 2010a) . As with mammalian TRPA1, Drosophila TRPA1 is a receptor for electrophilic chemicals, such as allyl isothiocyanate (AITC) (Bandell et al. 2004; Hinman et al. 2006; Jordt et al. 2004; Kang et al. 2010a; Macpherson et al. 2007 ). Avoidance of AITC-the pungent ingredient of wasabi-also appears to depend on Painless (Al-Anzi et al. 2009 ). However, whether Painless is required in GRNs or postsynaptic to these afferent neurons is unclear. In C. elegans, the TRPV channel, OSM-9, mediates avoidance behavior towards the bitter chemical quinine (Hilliard et al. 2004) .
The TRPL channel functions in diet-induced changes in taste preference through a mechanism that employs reversible changes in GRNs (Zhang et al. 2013c ). Animals including flies tend to avoid some unpalatable compounds, if more appealing options are available in the diet. Indeed, flies will reject the bitter tasting compound, camphor. However, after long-term exposure to camphor, the animals reduce their distaste to this food ingredient. TRPL is expressed in GRNs that mediate an avoidance response and is directly activated by camphor. Persistent exposure to TRPL causes ubiquitination and downregulation of TRPL, thereby diminishing camphor rejection (Zhang et al. 2013c ). If camphor is removed from the diet for a long time, the concentration of TRPL gradually increases, thereby restoring the original aversion to this food additive. Thus, the reversible changes in TRPL levels provide a mechanism whereby an animal can change their food preferences as a result of long-term alterations in the diet.
Thermal Sensation
Animals avoid noxious heat and cold for survival and seek out the ideal temperature zone to maximize comfort. Responding to small differences in temperature is especially important for poikilothermic organisms, since their body temperature equilibrates with the environment. Consequently, in invertebrate animals, changes in temperature affect the rate of growth and development, and aging. In addition, since it is warmer during the day than at night, daily temperature fluctuations can set circadian rhythms. Seminal work on mammalian somatosensation established that channels such as TRPV1 are thermal sensors and can be directly activated by changes in temperature (Caterina et al. 1999; Dhaka et al. 2006) . We now know that roles for TRPs as thermosensors are evolutionarily conserved, and invertebrate thermoTRPs sense changes in temperature for multiple purposes, beyond the avoidance of noxious heat and cold.
Nociception 2.3.1.1 Responding to Warm and Hot Temperatures
Three channels, all within the TRPA subfamily, contribute to nociceptive responses of Drosophila larvae to excessive heat. Normally, wild-type larvae move along a surface parallel to their body axis. However, if they are exposed to a heat probe with a threshold around 40 C, they quickly roll in a corkscrew fashion around their body axis. This writhing response depends on Painless expression in multidendritic neurons in the body wall (Tracey et al. 2003) . There are three Painless isoforms, one of which includes a long N-terminus with eight ankyrin repeats (Painless P103 ) and another with a very short N-terminus (Painless P60 ) (Fig. 3a) . Expression of PainlessP 103 rescues the pain mutant phenotype, but not Painless P60 . Painless P103 appears to be a direct thermosensor, as it is activated with a threshold (42 C) (Sokabe et al. 2008 ) similar to that needed to initiate the rolling response (Tracey et al. 2003) .
Another TRPA channel, Pyrexia, is activated directly by warm temperatures (40 C) and enable larvae to manage the thermal stress of relatively high temperatures (Lee et al. 2005 ). In the absence of Pyrexia, the larvae are paralyzed by exposure to 40 C for several minutes (Lee et al. 2005 ). TRPA1 participates in the response to high temperatures in both larvae and adult flies (Neely et al. 2011 ). The channel is activated with a threshold of~25-29 C (Viswanath et al. 2003) and is used as a sensor in larvae and adults to avoid temperature above this threshold, which are uncomfortable but not acutely dangerous (Hamada et al. 2008; Kwon et al. 2008; Rosenzweig et al. 2005) . In adults, TRPA1-mediated temperature sensation in this range (25 C) is detected by sensory neurons in the brain (anterior cell neurons) (Hamada et al. 2008 ). There are four TRPA1 isoforms (Kwon et al. 2010a; Zhong et al. 2012) , two of which include a 37 amino acid domain between the N-terminal 13 ankyrin repeat and the transmembrane segments (Fig. 3b) . These two isoforms, TRPA1-A and TRPA1-D, are directly activated by increases in temperature, and the 37 amino acid "TRP ankyrin cap" (TAC) domain appears to be essential for thermal activation (Kang et al. 2012; Zhong et al. 2012 ) (note that the TRPA1-A and TRPA1-D isoforms are referred to as TRPA1-B and TRPA1-A, respectively, in one study) (Kang et al. 2012) . The TRPA1-A isoform is remarkably sensitive to temperature activation, as it has a Q 10 of~130 (Kang et al. 2012) . TRPA1-C does not appear to be a direct thermosensor. Yet, expression of this isoform also rescues the trpA1 nociceptive phenotype (Zhong et al. 2012) . These findings indicate that there are both direct and indirect mechanisms for thermal activation of TRPA1 (see below).
The mosquito vector for malaria, Anopheles gambiae, expresses a TRPA1 homolog in small coeloconic sensilla in the antenna, which is heat activated (25 C) (Wang et al. 2009 ). These sensilla house thermosensitive neurons that are activated as the temperature rises above~25-40 C. Thus, A. gambiae appear to use peripheral neurons in the antenna to detect warm temperatures (Wang et al. 2009 ).
C. elegans employ two parallel pathways for noxious heat avoidance (25 C). The first uses the neuropeptide receptor, NPR-1, and the second depends on the two TRPV proteins, OSM-9 and OCR-2 (Glauser et al. 2011) . Whether OSM-9 and OCR-2 are heat activated is not known.
Responding to Excessively Cool Temperatures
Temperatures slightly below 18 C are avoided by Drosophila larvae and adults. When given a choice between 18 C and lower temperatures, the animals will migrate towards 18 C. In larvae, this behavior depends in part on the TRPL channel ) in chordotonal neurons (Kwon et al. 2010b ), but not the TRP channel (Kwon et al. 2010b ). The fly genome encodes two TRPV channels, Inactive and Nanchung, and at least one of these channels, Inactive, contributes to the avoidance of cool temperatures (Kwon et al. 2010b) . Whether Nanchung also functions in this behavior is unclear due to the severe defect in locomotion, which is also associated with this mutation.
In adult flies, cool sensation is mediated via thermosensory neurons in the antenna (arista and the sacculus) and requires three proteins, referred to as Brivido1-3 (Gallio et al. 2011 ). These proteins contain either eight (Brv1) or ten predicted transmembrane domains (Brv2 and Brv3) (Gallio et al. 2011) and are most akin to mammalian polycystin1 proteins, which are part of the TRPP channel complex and thought to regulate the activity of the channels. The last six transmembrane segments are related to TRPP channels. Since it is not known whether the individual Brv proteins are cation channels or whether all three proteins are subunits of a cool-sensing channel, these proteins are not currently listed as TRPP proteins.
Temperature Control in the Comfortable Range
Animals including Drosophila are capable of discriminating small temperature differences in the comfortable range (1 C). Although temperatures from 18 to 24 C are comfortable for Drosophila larvae, 18 C is preferred, and they will select 18 C over 19-24 C. TRPA1 is required for fine temperature discrimination in this range (Kwon et al. 2008 ). However, activation of TRPA1 is indirect since the comfortable temperatures (18-24 C) are below the threshold for direct thermal activation of the channel (24-29 C) (Viswanath et al. 2003) . Rather, TRPA1 is activated downstream of phototransduction-like signaling cascade that depends on a rhodopsin (Rh1) (Shen et al. 2011 ) and the same heterotrimeric G protein and PLC that function in phototransduction (Kwon et al. 2008) . Although thermal discrimination in the comfortable range depends on a rhodopsin, the concentration of rhodopsin in the thermosensory neurons is extremely low, precluding efficient photon capture. Consequently, light exposure does not impact on selection of 18 over 19-24 C. This thermosensory signaling cascade may facilitate amplification of small temperature differences in the comfortable range and allow for thermal adaptation to 19-24 C, if the larvae are unable to identify an area that is 18 C within their thermal landscape.
Temperature Control of Circadian Rhythm
Circadian rhythms in most animals are entrained principally by day/night cycles (Allada and Chung 2010; Hardin 2011; Kwon et al. 2011; Peschel and HelfrichForster 2011; Reppert and Weaver 2002) . In some poikilothermic organisms, such as Drosophila, circadian rhythms can also be set by higher and lower relative temperatures that simulate day/night periods (Glaser and Stanewsky 2007) . TRPA1 is one molecular sensor that contributes to the temperature control of circadian rhythms in flies (Lee and Montell 2013) . TRPA1 is expressed and functions in a subset of pacemaker neurons in the adult brain, and loss of this channel alters, but does not eliminate entrainment.
Recently, Pyrexia has also been reported to contribute to temperature synchronization of circadian rhythm through expression in peripheral sensory neurons in chordotonal organs (Wolfgang et al. 2013) . Pyrexia affected temperature synchronization to relatively low temperatures (16-20 C) but not at higher temperatures (21-29 C). Since Pyrexia is activated by temperatures with a threshold near 40 C (Lee et al. 2005) , it may function in temperature control of clock synchronization via a thermosensory signaling cascade.
Temperature Control of Aging
Lower body temperature can increase animal lifespan (Conti 2008) , and it was formerly assumed that this was due to a general reduction in metabolism. However, this is not the case, at least in C. elegans. Worm TRPA-1 is a cold-activated channel, as is mammalian TRPA1, and functions in the intestine to sense a decrease in temperature (Xiao et al. 2013) . Cold activation of TRPA-1 leads to stimulation of a Ca 2+ -sensitive protein kinase C (PKC-2) and nuclear entry of the transcription factor DAF-16/FOXO, which promotes an increase in longevity. Given that expression of TRPA-1 in the intestine is sufficient for cold-induced longevity, this finding demonstrates that a non-excitable tissue functions in thermosensation and lifespan extension (Xiao et al. 2013 ).
Mechanosensation
Mechanosensation contributes to gentle and noxious touch, proprioception, sensing gravity, and hearing, and invertebrate TRP channels are important for each of these functions.
Touch, Proprioception, and Gravity Sensation
In C. elegans several TRP channels contribute to the response induced by nose touch. These include TRPA-1, which is activated in vitro by applying negative pressure to cells (Kindt et al. 2007) , and both TRPV proteins, OSM-9 and OCR-2 (Colbert et al. 1997; Tobin et al. 2002) . Since OSM-9 and OCR-2 are required for sensing volatile and nonvolatile compounds, mechanosensation, as well as osmosensation, they are polymodal sensors (Colbert et al. 1997; Tobin et al. 2002) . The diversity of roles for these two proteins may reflect their expression in several types of sensory neurons. The two proteins may be subunits of a single channel since they form a complex and mutually affect the spatial distribution of the other protein . However, it is not known if TRPA-1, OSM-9, or OCR-2 is responding directly or indirectly to mechanical stimulation. Drosophila larvae depend on the TRPA channel, Painless, for responding to noxious touch, and this function is mediated through the same nociceptors that sense noxious heat (Tracey et al. 2003) . A role for Painless in mechanosensation extends to the Drosophila heart (Senatore et al. 2010) . Painless is expressed in the heart where it senses mechanical stress, which in turn regulates heart activity (Senatore et al. 2010) . Painless, as well as a second TRPA channel, Pyrexia, and two TRPV channels, Inactive and Nanchung, are also expressed in the Johnston's organ of the second antennal segment, where they participate in gravity sensing (Sun et al. 2009 ).
An important advance in dissecting the roles of TRP channels in mechanosensation is the demonstration that the C. elegans TRPN protein, TRP-4, is a direct mechanosensor (Kang et al. 2010b) . Unlike the other six TRP subfamilies, TRPN proteins are not expressed in mammals. However, TRPN proteins are conserved from worms to zebrafish (Sidi et al. 2003; Walker et al. 2000) . One of the intriguing features of TRPN channels is the large number of N-terminal ankyrin repeats (29) in flies and worms (Walker et al. 2000) , which are proposed to comprise a gating spring (Howard and Bechstedt 2004) . The Drosophila TRPN protein, NOMPC, is necessary for touch transduction in adult flies (Walker et al. 2000) and in two of the four classes of multidendritic neurons (II and III) for light touch transduction in larvae (Tsubouchi et al. 2012; Yan et al. 2013 ). Fly TRPN is also required for larval locomotion and normal proprioception ). The C. elegans TRP-4 protein plays a role in proprioception ) and harsh touch (Kang et al. 2010b) .
The quintessential hallmark of a mechanotransducer is very rapid activation kinetics (Christensen and Corey 2007; Sharif-Naeini et al. 2008) , and the TRP-4-dependent conductance is activated in vivo in less than 1 ms (Kang et al. 2010b ). Thus, worm TRP-4 is the first TRP shown to be a direct mechanosensor in vivo. Fly NOMPC also appears to be a mechanosensor, since ectopic expression of this protein in non-mechanosensitive neurons confers touch sensitivity, and this channel is activated rapidly in vitro by applying negative pressure (latency <2 mS) (Yan et al. 2013) . Currently, it is not known if any mammalian TRP channel is a direct mechanosensor.
Hearing
In flies hearing plays critical roles in courtship and mating, in addition to the avoidance of predators (Kamikouchi 2013) . The mechanotransduction that is essential for audition occurs in the Johnston's organ, which contains chordotonal sensilla (Kernan 2007) . Hearing requires both the detection and amplification of sound-evoked signaling, and at least three TRP channels (NOMPC, Iav and Nan) contribute to hearing in adult (Eberl et al. 2000; Effertz et al. 2011 Effertz et al. , 2012 Gong et al. 2004; Göpfert et al. 2006; Kamikouchi et al. 2009; Kim et al. 2003; Lehnert et al. 2013 ) and in larval chordotonal organs (Zhang et al. 2013a) . Primary sound sensation and sound amplification appear to be distinct processes. Nan and Iav mediate the initial detection of mechanical vibrations, while NOMPC plays a role in sound amplification (Lehnert et al. 2013 ).
Sensing Moist and Dry Environments
Hygrosensation refers to the ability of an organism to sense moisture or humidity in the environment. In flies, hygrosensation requires a region of the antenna known as the arista (Sayeed and Benzer 1996) . The mechanisms for detecting moist and dry air are distinct because the TRPA channel, Waterwitch (Wtrw), is involved in sensing the transition to moist air, whereas Nan mediates the response to dry air (Liu et al. 2007b ). However, neurons expressing both channels project to the region of the fly CNS associated with mechanotransduction (Liu et al. 2007b ). Thus, hygrosensation may involve humidity-dependent alterations in mechanical stretch in the hygrosensitive neurons.
Drosophila larvae avoid dry surfaces through nocifensive behavior that depends on class IV multidendritic neurons in the body wall, and the TRPA channel, Painless (Johnson and Carder 2012) . The larval cuticle is rich in charged glycoproteins (Silvert et al. 1984 ) that are likely to have an incredibly high affinity towards dry surfaces, thereby causing the cuticle to adhere to such surfaces. Thus, larval propensity to avoid dry surfaces may arise from noxious mechanical stretch as the larval cuticle adheres to a dry substrate during peristalsis.
2.5
Complex Behaviors
Feeding Behavior and Social Influences
Feeding behavior is a product of specialized interactions between chemosensory and somatosensory modalities and involves sensing of the internal metabolic state followed by state-dependent regulation of food seeking and feeding. In vertebrates, neuropeptide Y (NPY) signaling in the arcuate nucleus of the hypothalamus is intimately linked to feeding and energy expenditure (Gruninger et al. 2007; Stanley et al. 1985; Tomaszuk et al. 1996) . The NPY receptors in both C. elegans and Drosophila larvae play critical roles in determining the selection of social or solitary feeding (de Bono and Bargmann 1998; Wu et al. 2003) . Some worm strains exhibit social feeding, which involves avoidance of noxious chemical stimuli in a process requiring the TRP channels, OCR-2 and OSM-9 (de Bono et al. 2002) . Additionally, OCR-2 impacts on the biosynthesis of serotonin (Sokolchik et al. 2005; Zhang et al. 2004 )-a neurotransmitter with conserved roles in regulating feeding behavior (Magalhaes et al. 2010; Neckameyer 2010; Sze et al. 2000) . OCR-2 also functions in a small subset of peripheral sensory neurons in C. elegans larvae that mediate the detection of nutrient availability and neuropeptide release (Lee and Ashrafi 2008) . Social feeding in worms involves aggregation, and this causes a drop in O 2 levels. Worms have developed a mechanism for detecting changes in O 2 levels as a part of their strategy to promote aggregation, and both OSM-9 and OCR-2 are required for sensing O 2 (Rogers et al. 2006) . Mammals also use O 2 -sensing TRP channels, as mouse TRPA1 can be directly activated by O 2 under hyperoxic conditions, through a mechanism involving cysteine modification (Takahashi et al. 2011) . It is proposed that TRPA1 may contribute to detecting O 2 toxicity in the mouse (Takahashi et al. 2011) .
In Drosophila larvae, an NPY family member (known as NPF in flies) mediates the developmental switch from food-seeking behavior in younger larvae to food-avoiding behavior in late third instar larvae . In response to food, late-stage larvae also display social behavior as they aggregate in order to dig cooperatively through hard food . Both the food avoidance and aggregation behavior are impaired in painless mutant late-stage larvae . NPF exerts its effects by inhibiting the Painless conductance in larval sensory neurons . The normal role for Painless in food aversion is consistent with the general function of invertebrate TRPA channels and mammalian TRPA1 in mediating avoidance behavior in response to noxious stimuli.
Nicotine-Dependent Behavior
Exposure of worms to nicotine, which is the addictive ingredient in tobacco, causes a variety of behaviors that are reminiscent of those induced in mammals (Dwoskin et al. 1999 ). These include increased activity to acute exposure, sensitization to intermittent administration of nicotine, and withdrawal upon removal of chronic nicotine . These behaviors are greatly diminished in worms missing either of two TRPC channels, TRP-1 or TRP-2. Expression of these channels is required in command neurons, which is consistent with their role in locomotion . Roles for TRP channels in nicotine sensitivity may be conserved throughout animal phylogeny since mouse TRPA1 is activated by nicotine and contributes in vivo to the irritant effects of nicotine ).
Courtship and Mating
Courtship and mating involves a complex interplay between multiple senses, including hearing, touch, chemosensation, and vision. Drosophila Painless contributes to mating, as the mutant females display enhanced sexual receptivity (Sakai et al. 2009 ). The mutant females copulate with a shorter latency than do wild-type females, once the males initiate courtship behavior. A role for Painless in sexual receptivity requires expression of the channel in GABAergic and/or cholinergic neurons (Sakai et al. 2009 ). Thus, it is unclear if Painless modulates female receptivity by acting in inhibitory or excitatory neurons. Painless also functions in courtship in males, as expression of the channel in olfactory projection neurons in the brain suppresses male-male courtship ).
C. elegans display mating behavior, which involves males seeking out the vulva of the hermaphrodite, followed by spicule insertion and sperm transfer (Liu and Sternberg 1995) . Male C. elegans lacking the TRPP2 homolog, pkd2, or its interacting protein, PKD1 (TRPP1), are defective in vulva location (Barr et al. 2001; Barr and Sternberg 1999) .
Sperm and Fertilization
A C. elegans TRPC homolog, trp-3, functions in sperm and is critical for fertility. Upon sperm activation, TRP-3 translocates from an intracellular compartment to the plasma membrane. TRP-3-dependent Ca 2+ influx is proposed to promote gamete fusion (Xu and Sternberg 2003) . Roles for mammalian TRPs in sperm function, including TRPC2, have been suggested (Darszon et al. 2012; Jungnickel et al. 2001) . However, because human TRPC2 is a pseudogene (Wes et al. 1995) , it does not have a role in human sperm.
Loss of the Drosophila TRPP2 homolog, Amo, affects sperm function (Gao et al. 2003; Watnick et al. 2003) . Normally, the beat frequency of sperm increases after they exit the uterus (Köttgen et al. 2011) . The sperm then enters the storage organs, which serves to supply sperm for fertilization over an extended time. Amo is localized to the posterior end of mature sperm and is required for beating hyperactivity and for the backward entry of the sperm into the storage organs (Köttgen et al. 2011) .
While the roles of the fly and worm TRPPs are distinct, they both function in ciliated cells. Human TRPP1 and TRPP2, which are disrupted in autosomal polycystic kidney disease (ADPKD), are expressed in monocilia (Gallagher et al. 2010 (Schlingmann et al. 2002; Walder et al. 2002) .
Roles for TRPM channels for Mg 2+ homeostasis are conserved in worms and flies. Two C. elegans TRPMs (GON-2 and GTL-1) are required for Mg 2+ uptake by intestinal cells (Teramoto et al. 2005) . Worms missing GON-2 and GTL-1 grow poorly under low Mg 2+ conditions. GON-2 and GTL-1 may form distinct channels, since mutation of just gon-2 or gtl-1 result in different phenotypes, and the two (Teramoto et al. 2010) .
The sole Drosophila TRPM functions in the fly kidney equivalent, the Malpighian tubules, where it serves to remove Mg 2+ from the hemolymph (Hofmann et al. 2010) . The trpm-deficient animals are characterized by hypermagnesemia in the hemolymph. Loss of trpm also affects intracellular Zn 2+ homeostasis (Georgiev et al. 2010) . Unlike all other fly TRPs, the TRPM channel is absolutely required for viability. The mutant animals die as prepupae or pupae (Georgiev et al. 2010; Hofmann et al. 2010) . Supplementation of the food with high Mg 2+ exacerbated the phenotype, resulting in larval lethality (Hofmann et al. 2010 ).
Lysosomal Function and a Model for MLIV
Mutations in the human TRPML1 cause a lysosomal storage disorder, mucolipidosis type IV (MLIV), which is characterized by motor impairments, severe cognitive deficits, and blindness (Bargal et al. 2000; Bassi et al. 2000; Sun et al. 2000) . The C. elegans TRPML homolog, CUP-5, is localized to lysosomes, and elimination of this protein results in defective lysosomal biogenesis and maternal-effect embryonic lethality (Fares and Greenwald 2001; Hersh et al. 2002; Treusch et al. 2004 ). Due to nutrient deprivation, there appears to be an upregulation of autophagy in cup-5 mutant cells (Schaheen et al. 2006) . However, the autophagy is ineffective since there is a decrease in lysosomal biogenesis (Schaheen et al. 2006) . In Drosophila, mutation of trpml results in severe neurodegeneration (Venkatachalam et al. 2008) . The neurons die due to a requirement for TRPML for autophagic removal of damaged mitochondria. TRPML is localized to late endosomes and lysosomes and is essential in a variety of cell types for releasing luminal Ca 2+ and promoting Ca 2+ -dependent fusion of late endosomes and lysosomes (Venkatachalam et al. 2008 (Venkatachalam et al. , 2013 Wong et al. 2012) . The widespread neuronal cell death is a consequence of a role for TRPML in two cell types. First, trpml functions in neurons to promote cell survival. Second, trpml acts in phagocytic cells such as glia and macrophages to remove early apoptotic neurons (Venkatachalam et al. 2008 ). In the absence of TRPML activity, the early apoptotic neurons are not removed effectively. This results in accumulation of late apoptotic neurons, release of cytotoxic agents, and magnification of cell death due to a bystander effect (Venkatachalam et al. 2008 ).
Concluding Remarks
There are two recurring themes that apply to the worm and fly TRP channels. First, these channels are multitaskers. There are many examples that illustrate this concept. The fly TRPL channel contributes to light detection, cool sensation, taste adaptation, and sensitivity to CO 2 (Badsha et al. 2012; Kwon et al. 2010b; Niemeyer et al. 1996; Phillips et al. 1992; Rosenzweig et al. 2008; Zhang et al. 2013c) . Painless serves in the detection of noxious heat, noxioius mechanical stimuli, gravity, wasabi, food avoidance stimuli in late-stage larvae, dry surfaces, and in signals that control female receptivity and male-male courtship (Al-Anzi et al. 2006; Johnson and Carder 2012; Sakai et al. 2009; Sun et al. 2009; Tracey et al. 2003; Wang et al. 2011; Xu et al. 2008) . The worm TRPV channel OSM-9 functions in olfaction, contact chemosensation, mechanosensation, thermosensation, O 2 sensation, and social feeding (Colbert et al. 1997; de Bono et al. 2002; Rogers et al. 2006) . Drosophila TRPA1 is a particularly notable example of a polymodal sensor as it either directly or indirectly senses suboptimal or excessively warm temperature, noxious olfactory and gustatory cues, and light (Kang et al. 2010a (Kang et al. , 2012 Kim et al. 2010; Kwon et al. 2008 Kwon et al. , 2010a Lee and Montell 2013; Rosenzweig et al. 2005; Viswanath et al. 2003) .
Second, the repertoire of functions of worm, fly, and vertebrate TRP channels is far more similar than initially envisioned. Roles for PLC signaling and TRP channels in phototransduction are not peculiar to flies but are conserved in mammalian ipRGCs (Berson et al. 2002; Provencio et al. 2000; Schmidt et al. 2011) . Thermally activated TRPs are also employed in vertebrates and invertebrates. However, some TRP channels in flies and mammals exhibit opposite thermal activities. TRPA1 is heat activated in flies (Viswanath et al. 2003) , but cold activated in mice (Bandell et al. 2004; Karashima et al. 2009; Kwan et al. 2006; Story et al. 2003) . Nevertheless, in some snakes (Gracheva et al. 2010) , lizards, and frogs (Saito et al. 2012) , TRPA1 is heat activated. The threshold for heat activation for rattlesnake TRPA1 (~28 C) is similar to fly TRPA1 (~24-29 C) (Gracheva et al. 2010; Viswanath et al. 2003) , rather than mammalian TRPA1. A similar scenario emerges with thermally activated TRPV channels, which are heat activated in mammals (Caterina 2007) . A Drosophila TRPV channel, Inactive, functions in the discrimination of 17.5 C and slightly cooler temperatures (14-16 C) (Kwon et al. 2010b ). TRPV3 in western clawed frogs is cool activated with a threshold around 16 C (Saito et al. 2011) . The mechanisms for detecting some noxious chemicals are also conserved between several vertebrate and invertebrate TRP channels, such as reactive electrophiles (e.g., allyl isothiocyanate), which activate mammalian and Drosophila TRPA1 (Bandell et al. 2004; Hinman et al. 2006; Jordt et al. 2004; Kang et al. 2010a; Macpherson et al. 2007 ). Evolutionarily conserved functions for TRP channels are not limited to sensory physiology, as worms, flies, and vertebrates use TRPMs in ionic homeostasis: TRPPs in cilia and TRPMLs in lysosomes.
In view of the many functional similarities between invertebrate and vertebrate TRPs, it is intriguing to speculate that some roles that are currently known specifically in worms or flies will turn out to be conserved in mammals. Among the many examples are gravity sensation, hygrosensation, and fertility.
